Since sepsis was first defined, sepsis management has remained challenging. To improve mortality rates for sepsis and septic shock, an accurate diagnosis and prompt administration of appropriate antibiotics are essential. The goals of antimicrobial stewardship are to achieve optimal clinical outcomes and to ensure cost-effectiveness and minimal unintended consequences, such as toxic effects and development of resistant pathogens. A combination of inadequate diagnostic criteria for sepsis and time pressure to provide broad-spectrum antimicrobial therapy remains an obstacle for antimicrobial stewardship. Efforts such as selection of appropriate empirical antibiotics and de-escalation or determination of whether or not to stop antibiotics may help to improve a patient's clinical prognosis as well as the successful implementation of antimicrobial stewardship.
INTRODUCTION
Sepsis and septic shock are diseases with a severe burden worldwide due to high mortality and prevalence [1, 2] . The major elements of sepsis treatment include proper fluid resuscitation, supportive therapy for organ dysfunction, source control, and administration of antibiotics [3, 4] .
The Surviving Sepsis Campaign guidelines for sepsis treatment have recently been revised [4] . Antibiotics are frequently used in intensive care units (ICUs) with critically ill patients such as those with sepsis. A multicenter point prevalence study reported that 70% of patients in the ICU are prescribed antibiotics, indicating that the ICU is a hotspot for antibiotic use [5] . Prompt and appropriate antibiotic treatment is essential for the treatment of sepsis; however, it has been reported that antibiotics are frequently prescribed for patients with non-bacterial infection [6] , which increases antibiotic selection pressure and increases multidrug-resistant organisms (MDRO) [7] . Antimicrobial resistance (AMR) has emerged as a critical issue globally [8] . Numerous initiatives counteracting AMR have been attempted, and reduced antibiotic use has been considered a priority among these initiatives [9, 10] .
One of the many strategies to reduce AMR involves the establishment of an antimicrobial stewardship program (ASP) in acute care hospitals [11] . The goal of antimicrobial stewardship is to promote appropriate use of antibiotics and to reduce antibiotic exposure [12, 13] .
In this review, we discuss how to apply an ASP in the treatment of sepsis and septic shock.
OPTIMAL TIMING OF ANTIBIOTICS IN PATIENTS WITH SEPSIS
The Surviving Sepsis Campaign guidelines recommend administering empirical, broadspectrum antibiotics within an hour of triage for patients with sepsis and septic shock [14] . This recommendation may encourage clinicians, and especially residents, to take an "administer antibiotics first and ask questions later" approach when encountering patients with a high probability of severe infection. However, the concept that an hourly delay in antibiotic administration increases mortality needs to be reconsidered, given the current worldwide increase in AMR [15] . An indiscreet and inappropriate use of antibiotics exacerbates the challenges involved with AMR. A quality enhancement program that aimed to reduce the time to the first administration of antibiotics for community-acquired pneumonia from 8 hours to 4 hours has led to a significant decrease in diagnostic accuracy [16] . However, clear evidence supporting the opinion that delayed administration of antibiotics increases mortality is limited, with most evidence based on results from retrospective analyses of data collated for other purposes. These data lack important information such as identification of infection site, appropriateness of antibiotic selection, dose of antibiotic administration, and source control. In one United States study, 18% of patients who received the management for sepsis in the emergency room (ER) were later confirmed to have no infection [17] . Furthermore, 13% of 2,579 patients who had been admitted to two ICUs in Netherlands due to a putative diagnosis of sepsis had no infection after further work-up, and 30% of patients were also confirmed to have only the potential of sepsis [18] . Rather, initial insufficient source control was found to increase 28-day mortality from 26.7% to 42.9%, regardless of the appropriateness of empirical antibiotics [19] .
An analysis of 17,990 cases from the Surviving Sepsis Campaign database showed no difference in actual mortality even when the administration of antibiotics was delayed by up to 5 hours. However, mortality showed a 7.5% linear increase according to hourly delay of antibiotic administration after adjusting for the location where sepsis was suspected, geographic location, infection source, various organ failures, hypotension, and mechanical ventilation [20] . Large population-based adjustments cannot accurately reflect such complicated and subtle elements [21] . The time between time zero (when infection or organ dysfunction began) and presentation or detection of sepsis is unclear and may vary from hours to several days in most cases. Hence, a linear hourly increase in mortality risk according to a delay in antibiotic administration after presentation or the detection of sepsis may not be a reliable indicator. Kumar et al. first reported a linear increase in mortality risk according to delayed administration of antibiotics with shock patients in the ICU [22] . Delaying effective antibiotic administration for >36 hours dramatically increases the mortality risk. In practice, it is difficult to report the outcome of antibiotic susceptibility within 36 hours, and several studies have reported that patients who had been treated with inappropriate empirical antibiotics did not show differences in mortality [23] [24] [25] . Patient factors and disease-related factors have been shown as more likely to affect mortality risk [24, 25] .
Although careful judgement in antibiotic administration may increase the risk of mortality in patients with severe bacterial infection due to delayed antibiotic administration, unnecessary exposure to antibiotics including antibiotics for non-bacterial infections or prolonged antibiotic administration is also potentially harmful. A number of studies have reported the association between high mortality rates and an excessive combination of antibiotics and a longer treatment period [26-28]. Antibiotic-related adverse reactions such as Clostridioides difficile infections, acute renal failure, drug-induced hepatitis, bone marrow suppression, severe rash, and the acquisition of MDRO are well known. However, adverse effects on microbiome or mitochondrial toxicity are less well known.
Sepsis and septic shock should be considered separately. Timing of effective antibiotic administration is critical for patients with septic shock, whereas clear data are limited for sepsis patients without shock. Although statistical adjustments remain controversial, two retrospective studies have recently reported significant association between delayed antibiotic administration and an increase in mortality concerning patients in septic shock, whereas this association was insignificant in patients with sepsis without shock [29, 30] . Furthermore, in a randomized trial in which 2,672 suspected patients with sepsis were divided into groups where antibiotics were administered in out-of-hospital settings and in the ER, there was no difference in mortality between the two groups, although antibiotic administration in the ER group was 96 minutes (median) later than that in the out-ofhospital setting group [31]. Ninety-five percent of the patients included in that study were infected patients without sepsis or sepsis patients without shock. Therefore, it is necessary to take time to gather accurate information to determine whether antibiotics are required for patients with sepsis without shock.
A stepwise approach is needed to treat patients with possible sepsis or septic shock. Rapid and aggressive treatment should not be applied equally to all patients, but should be differentiated according to the severity of disease and an accurate diagnosis. Rapid antibiotic administration is necessary when the patients suspected of infection quickly deteriorate to shock. However, in many patients, shock or rapid aggravation may not be due to bacterial infection, and in such situations, antibiotics should be stopped immediately. Moreover, if a patient has a low probability of infection and has no shock, antibiotic administration should be carefully determined based on laboratory, radiological, and microbiological findings.
ANTIMICROBIAL DE-ESCALATION THERAPY IN PATIENTS WITH SEPSIS
Antimicrobial de-escalation (ADE) refers to replacing broad-spectrum antibiotics with narrow-spectrum antibiotics or with those having with less ecological impact, or to stop the combinatory use of antibiotics. For example, ADE could involve switching combination therapy for double coverage of specific bacteria to monotherapy, and to stop the administration of empirical antibiotics for bacteria that have not been isolated in a culture test [32] . ADE, which is a part of the ASP with a wider spectrum, should be considered with regard to antibiotic administration among various factors when treating patients with severe infection in the ICU. Prior studies reported the effects of ADE in the ICU, but most were observational studies reported by medical institutions interested in ASPs. Compared to broad-spectrum antibiotics used for empirical antimicrobial therapy, ADE is expected to have the following effects. First, ADE may help strategies to reduce MDRO (33)]. Prolonged use of broad-spectrum antibiotics for empirical antibiotic treatment contributes to an increase in MDRO [34, 35] . Second, ADE may reduce adverse reactions associated with the use of broad-spectrum antibiotics. Common adverse reactions include C. difficile infections and superimposed infection caused by MDRO or fungi. Lastly, ADE may contribute to shorten medical costs and hospital stay through reducing overall antibiotic use and expenditure [35, 36] . As cumulative dose of antibiotics is related to AMR regardless of the spectrum of antibiotics, reducing antibiotic exposure should be a priority in ASP strategy. Therefore, ADE should be reviewed based on recent studies from the ASP perspective.
In a randomized clinical trial in which patients who had undergone de-escalation of pivotal or main antibiotics were compared with patients who maintained the antibiotics, the mortality rates were not significantly different between the two groups although the broadspectrum antibiotic use reduced in the de-escalation group [37] . However, the ICU length of stay was longer in the de-escalation group (15.2 ± 15 vs. 11.8 ± 12.6 days). Although ADE was shown to be associated with lower mortality in meta-analyses [38, 39] , this is due to the results of observational studies and implies bias. ADE was mainly applied to patients who showed clinical improvement [32, 33] . Therefore, further studies are needed after adjustment for potential confounding variables.
ADE does not reduce the total duration of antibiotic use. In one ADE-related randomized controlled trial, the duration of antibiotic use was significantly longer in the ADE group (14.1 ± 13.4 vs. 9.9 ± 6.6 days) [37] . The prolonged overall antibiotic use was considered to be the possibility of superinfection in the ADE group. However, there was no significant difference between the two groups in other studies when the duration of antibiotic use was analyzed using median values and non-parametric statistics (9 vs. 8 days; P = 0.11) [32]. Other explanations for the prolonged antibiotic use have been that narrow-spectrum antibiotics would be less harmful, or have occurred through a possible miscalculation of the overall duration of antibiotic use [32] . Even if all antibiotics were discontinued early in the cohort studies, it could be mistaken to be related to ADE and shortening of the antibiotic use period when included in the ADE and analyzed [32, 40] .
Although ADE has been introduced as an effective strategy for reducing AMR, no direct association has been found between ADE and the ecological impact in the ICU patients [41] . In previous ADE studies conducted with ICU patients as endpoints for MDRO acquisition, there was no significant association between ADE and MDRO acquisition [37, 42, 43]. Empirical broad-spectrum antibiotics that have less effects on AMR have been used in the short term to reduce the ecological impact. However, one recent study reported that AMR occurs early during antibiotic treatment (within the first 2 -3 days); therefore, discontinuation or replacing broad-spectrum antibiotics with narrow-spectrum antibiotics may be less effective in ADE [44] . Furthermore, replacing one empirical broad-spectrum antibiotic with another narrow-spectrum antibiotic may be more harmful as the patient is then exposed to two antibiotics as opposed to exposure to one. When meropenem, an empirical broad-spectrum antibiotic, is replaced with levofloxacin, which is a narrowspectrum antibiotic, for example, the accumulated ecologic impact may be greater as the patient has been exposed to two different spectrums of antibiotics within a short period. Evidences to date have been insufficient to determine the effects of ADE on AMR due to the limitations of retrospective and observational studies [41] . Further prospective studies are needed with a large number of patients.
Of the two most critical factors concerning evidence-based ASP intervention, post-prescription review and prior authorization, the post-prescription review process, including ADE, has been shown to be more effective in reducing antibiotic use [45] . If an empirical antibiotic is appropriate, to maintain the existing antibiotics for a short term (≤5 days) may help to avoid repeated changes to the microbiome of patients through sequential use of different antibiotics.
DURATION OF ANTIBIOTIC THERAPY IN PATIENTS WITH SEPSIS
Short-term (5 -7 days) antibiotic therapy has been shown to be effective and safe for ICU patients with community-acquired pneumonia, ventilator-associated pneumonia, urinary tract infections, complicated intra-abdominal infections, and other bacteremia [46] [47] [48] [49] [50] [51] [52] [53] . In a prior study with sepsis patients, procalcitonin (PCT)-based antibiotic duration reduction strategy has been shown effective and safe [28, 54] . However, in a recent study involving patients with lower respiratory tract infection, PCT-based treatment did not reduce the duration of antibiotics compared to the conventional treatment [55] .
Guidelines in several countries and international treatment guidelines recommend reducing the overall duration of antibiotic therapy, and short-term treatment is recommended for pneumonia, urinary tract infection, and intra-abdominal infection. However, despite such recommendations, recent studies have reported excessively prolonged antibiotic administrations, further raising the need for ASPs [56, 57] .
RAPID DIAGNOSIS OF MULTI-DRUG RESISTANT ORGANISMS
The diagnosis of sepsis in critically ill patients is challenging. The primary trigger to diagnose sepsis is one or more indices among Systemic Inflammatory Response Syndrome (SIRS) criteria, namely, fever, hypothermia, leukocytosis, tachycardia, or tachypnea, which then allow possible infection sites to be found. A crucial factor in the diagnosis of infection is local signs and symptoms due to infection. As infections in different sites present different clinical symptoms, the first step to take in patients suspected to have an infection is to find the infection-related signs and symptoms. The diagnosis of infection remains difficult and more cautious and consistent approach is required in critically ill patients. The demand for new technologies that can help with diagnosis increases, for example, more precise biomarkers as well as improvement of microbiological techniques that can more quickly identify causative bacteria and susceptibility results [58] .
Although confirmation of causative bacteria is necessary for ADE, approximately 40% of patients with sepsis have culture-negative results. Given that 70% of clinical decisions in patient care are based on empirical results, a quick microbiologic report is one of the key evaluation tools used in hospitals [59] . The first 3 -6 hours after sepsis is clinically suspected are important to direct treatment and improve the prognosis; therefore, a microbiological diagnosis within 6 hours would undoubtedly be helpful for optimal treatment.
Although no direct evidence supports the use of culture testing, especially blood culture testing, there are indirect evidences that the culture test had a positive effects of improving the prognosis and reducing side effects and costs in ADE and oral switch from intravenous injections. Blood culture testing is considered a standard method for a microbiological diagnosis of bloodstream infection in sepsis. However, this culture-based method has a limitation in that it requires between 12 and 72 hours before obtaining false-negative or positive results from consistent antibiotic therapy.
In the identification of pathogens for sepsis, there is increasing interest in diagnosis of pathogens directly in the blood than in conventional blood culture. This method detects bacterial DNA directly from blood, and takes between 3 and 12 hours. Matrix-assisted laser desorption/ionization time of flight (MALDITOF) technology has been adopted in many microbiologic laboratories in different regions, which has significantly accelerated the diagnostic process; however, it still requires a significant length of time until detection of bacteria and the acquisition of susceptibility results [60] . New PCR-based techniques have been introduced into the market and detailed information is available within hours. Furthermore, detection of pathogen and subsequent antibiotic treatment are more rapidly available in cases such as bloodstream infection [61, 62] . However, the limitation of molecular-based diagnostic tests for bacterial pathogens is that they do not provide information on microbial susceptibility.
Although this novel method has markedly shortened the time to diagnosis and affected antibiotic use, its effect on mortality has not been validated [63] . Moreover, detection of bacteria from a specimen does not necessarily indicate pathogen in most cases. Infection and inflammation without infection must be cautiously differentiated.
IMPLEMENTATION OF AN ANTIMICROBIAL STEWARDSHIP PROGRAM IN PATIENTS WITH SEPSIS
Implementing an ASP in a hospital requires considerable effort including a systemic ASP because only a single factor often does not lead to success. For the application of ASPs in hospitals, a multidisciplinary team approach is needed among staff members including infectious disease specialists, critical care specialists, clinical pharmacists, clinical microbiology specialists, infection control nurse practitioners, critical care nurse practitioners, and administrative employees [64, 65] . As stated in United States Centers for Disease Control and Prevention (CDC) recommendations, leadership commitment is a central component of a successful ASP [64] . The expertise of infectious disease specialists allows them to take a leadership role in implementing ASPs in hospitals. Moreover, in the ICU, integration of ICU leadership and specialized critical care are essential for successful ASPs. Clinical microbiology specialists, whose provision of adequate and critical microbiological results is essential for optimal antibiotic administration, also play an essential role. Although they do not have to be directly involved in daily patient care, clinical microbiology specialists have a clear understanding of accessibility, performance, and interpretation of microbiological diagnostic tests such as PCR-based techniques, and can optimize and question a diagnosis of infection [66] . Clinical pharmacists also comprise another essential component of the ASP as they provide expertise concerning pharmacokinetics and pharmacodynamics that are critical for adjusting doses of drugs for diverse and critically ill patients in the ICU. The participation of clinical pharmacists leads to a shorter time to targeted antibiotic therapy and a reduction in infection complications [67, 68] . Infection control and critical care nurse practitioners are underestimated in the ASP process and require re-evaluation of their role in ASP. Critical care nurse practitioners provide a communication hub between clinicians, pharmacy, and laboratory, and infection control nurse practitioners have key roles in the infection control and prevention [69] . Nurse-driven protocols on urinary catheter-related infection or catheter-related bloodstream infection have been associated with a reduction in antibiotic costs, early catheter removal, and a decrease in infection-related complications [70] [71] [72] . Many evidences have been reported that a multidisciplinary team approach for ASP has been successful in reducing medical costs and unnecessary antibiotic use.
The fundamental goal of the ASP is to improve outcomes and to reduce collateral damages related to antibiotics, and a multifaceted approach should be considered. However, each element should be customized according to conditions in each hospital and ICU, such as frequency of antibiotic prescription, prevalence of MDRO, and available resources. To design and execute a structured plan for improvement, obstacles that may affect staff adherence to the guidelines need to be evaluated [73] .
CONCLUSION
To improve the mortality of patients with sepsis, rapid diagnosis and treatment are required as well as prompt administration of appropriate antibiotics. Surviving Sepsis Campaign guideline recommendations concerning empirical antibiotic therapy for sepsis and septic shock are in contrast to ASP objectives, which aim to use targeted antibiotics and reduce overall exposure to antibiotics. Clinicians should consider the indications of broad-spectrum antibiotic administration as well as the strategies for reducing antibiotic use. Appropriate risk assessment, implementation of the latest treatment guidelines, antibiotic de-escalation, and to stop antibiotics in patients without infection are strategies that can be applied for sepsis patients in the ICU. Despite less impact on improvement of the clinical course, a rapid diagnosis that can detect or exclude specific bacterial pathogens or resistance can be useful and, furthermore, a watchful waiting strategy is a preferable approach to ensure balanced antibiotic administration in patients without septic shock or who for those who have a low probability of infection.
ASP is necessary in the ICU, where antibiotic overuse is extensive and the issue of multidrug resistance is increasing. Implementation of ASP for the balanced use of antibiotics in critically ill patients may protect these patients by reducing the speed of antimicrobial resistance acquisition, preserving the antimicrobial activity of antibiotics, and reducing medical costs. 
